In this article, I set out arguments why the Large Hadron Collider (LHC) : the machine and the experiments with it, are a watershed for particle physics. I give a historical perspective of the essential link between development of particle accelerators and that in our knowledge of the laws governing interactions among the fundamental particles, showing how this journey has reached destination LHC. I explain how the decisions for the LHC design; the energy and number of particles in the beam, were arrived at. I will end by discussing the LHC physics agenda and the time line in which the particle physicists hope to achieve it.
Introduction
More than a year and half ago the 'Large Hadron Collider' (LHC), came into limelight, due to the spectacular show of its start up, the equally spectacular accident soon after and also for the doomsday stories that circulated around its start up. The accident put it out of action for a while. Now the necessary repairs done, the damaged pieces replaced, the machine has taken the first tentative steps March 2010; albeit this was still only half the originally planned energy and with 10 times less number 1 At full throttle LHC detectors will have to deal with over 600 million proton collisions per second.
of particles per bunch than initially foreseen for the restart. The decision to do so being taken, in the words of CERN Director General, Rolf Heuer, as a 'prudent step by step approach' as 'the LHC is not a turnkey project'. Papers, presenting results from the December runs have already been published in research journals [1] [2] [3] and more have been submitted already from the collisions in March [4] , with thousands of authors signing them. Particle physicists: experimentalists and theorists alike, are waiting now with baited breath, just as they have been for more than a decade now, for the results which will come out of these collisions. I write these lines from CERN, where even in the cafeteria now the television screens display information about the LHC machine operation! While the rest of the world came to know of this extremely complicated endeavor only about a year and half ago, for the worldwide community of particle physicists (which incidentally developed the World Wide Web (WWW) two decades ago), this is perhaps the concluding chapter of the long running love story between the world of fundamental constituents of matter and that of the accelerators which get these particles to move at the speed of light. In this article I discuss why thousands of particle physicists the world over, together, have embarked upon this truly mammoth project and worked on it over three decades. I wish to highlight what we all hope to learn from doing experiments with this unique machine. The construction of this accelerator and that of the equally huge and complex detectors, by itself, has been an amazing and utterly impressive engineering achievement. To appreciate the scope of this achievement by accelerator physicists and engineers, from CERN and the rest of the world, including India, we should follow a story which began perhaps a century ago. It is also a story of a development of a methodology of the "mega' science projects that the high energy physicists have developed.
The development of our knowledge of the laws of physics that function at the heart of the matter has been very closely interlinked with that of the accelerators. It may be said that the discovery of the first fundamental particle, the electron, by J.J. Thompson in 1897 was due to the first 'accelerator:
a cathode ray tube', which accelerated electrons. The partnership between accelerators and particle physicists on this adventure has continued through the century. The legendary physicist Lord Rutherford, who discovered existence of a nucleus inside an atom using the alpha particles emitted by the radioactive nuclei, had said, dreaming about high energy particles to uncover nature's secret "It has long been my ambition to have available a copious supply of atoms and electrons which have energies transcending those of the alpha, beta particles from the radioactive bodies". His dream was full filled by Walton and Cockroft in the Cavendish Laboratory. The target of energy (MeV : Million electron volt) to which the particles needed to be accelerated, was set by Gamow's theory of radioactive decay.
This gave the height of Coulomb barrier to α emission in a nucleus and hence indicated the energy level to which particles need to be accelerated for possible artificial radioactivity: the aim of Rutherford's experiments at that time. Since then the nuclear/particle physicists have been setting the bar higher and higher and accelerator physicists have been clearing it with regularity, like Sergey Bubka or Yelena
Isinbayeva.
Compared to the early machine by Walton and Cockroft which fitted in a room or the early cyclotron by Lawrence and Livingstone which was only 11 inches in diameter, today's machines are truly gigantic. Further, the energies to which these machines accelerate the particles are higher by many orders of magnitude. The Tevatron at the Fermi National Accelerator Laboratory (FNAL) in Batavia in USA, held the record for accelerating protons to about a thousand times its rest mass energy ∼ 1000 GeV or 1 TeV, corresponding to a total collision energy of 2000 GeV; a feat that the LHC eclipsed by first reaching a total collision energy of 2360 GeV and then 7000 GeV, as said before.
Acceleration of particles to these high energies is not achieved by the use of electrostatic force alone, but has to be by a judicious combination of the alternating electric fields and magnetic fields as is done in the more sophisticated cyclotron. Lawrence's first model, costing only US $ 25 in 1931, used 2000 volts of electricity but produced protons with energy 80,000 electron volts. Magnetic fields are not only required to facilitate this acceleration of particles, but later also to keep them on a tight leash and steer the beam around its path as a tight bunch, without allowing them to spread apart. All this beam optics requires careful designing of magnetic fields, with very precise spatial distribution. Thus an accelerator physicist has to deliver a beam of particles accelerated to speeds close to that of light 2 ,
containing a large number of particles (∼ 10 11 or more for the LHC at the nominal design) and with a small transverse size (a few µm at the collision point for the LHC). The beam has to maintain this size while the particles are transported across the long periphery of the machine (27km for the LHC ring), many times (∼ 10 6 ) over. Clearly this whole exercise poses extreme technological challenges and requires fine engineering.
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The decisions about the type of particles which should collide and the energies to which they should be accelerated, are guided crucially by our current theoretical understanding of fundamental particles and the interactions among them. This interplay of different sub-disciplines in the field of high energy physics is seen in the citation of the 1984 Nobel prize for physics which was shared by the experimental physicist Carlo Rubbia and the accelerator physicist Simon Van Der Meer "for their decisive contributions to the large project, which led to the discovery of the field particles W and 2 for the case of 1 TeV protons mentioned above v = 0.9999995 × c 3 Note that it is not enough to make these beams of particles of high energy. It has to be accompanied by the construction of equally intricate detectors to 'detect' traces of particles produced in these collisions.
Z, communicators of weak interaction". The large project mentioned in the citation was the Super proton-antiproton Synchrotron: the SppS which started operation at CERN in Geneva, Switzerland in 1983. This project involved converting the proton-proton collider which had been commissioned in 1976, into a proton-antiproton collider. The need to do so was indicated by theorists' calculations which showed that given the limited energy to which the proton could be accelerated using the then available technology, the feat of producing the W/Z bosons in the laboratory, could be achieved only if one collided protons on antiprotons and that too in large numbers. This prediction was made using the then established Glashow-Weinberg-Salam model (put forward in 1968) which gave a unified description of the electromagnetic and weak interactions 4 and with the knowledge of the momentum fraction of the proton carried by some of its constituents, the quarks and the anti quarks 5 . Simon Van Der Meer's discovery of 'stochastic cooling' made it possible to produce tightly focused antiproton beams whereas Rubbia's vision and drive made it possible for the project to be realised. Already this little discussion tells a lot of things about the current state of play in high energy physics, including the need for 'project' leaders to take these big projects from conception to realisation and the very high level of collaboration necessary, not just among the large number of experimentalists working together on one single experiment, not just among them and the theorists, but also among these two groups and the accelerator physicists. The particle physics community has been grappling for decades and with reasonable success, with running these mammoth collaborative projects and at the same time keep individuality, the basis of all progress, alive! In this narration, I will first try to explain why LHC: the machine and the experiments with it, are a watershed for particle physics. I will then sketch the essential link between the development of particle accelerators and that in our knowledge of the laws governing the interactions among the fundamental particles, showing how this journey has reached destination LHC. After this I briefly describe how the high energy physics experiments of past few decades have provided important pointers to the physicists who are hunting for the Higgs boson and other new particles/physics at the LHC. This discussion will then help us understand how the decisions for the LHC design; the energy and number of particles in the beam, were arrived at. I will then end by telling about the LHC physics agenda and the time line in which the particle physicists hope to achieve it. 2 The story of LHC
LHC: a watershed experiment
As we go along we will try to understand, why particle physicists believe that, at least one, as yet undiscovered particle, must exist out there and the LHC will see it. Independent of whether this turns out to be the Higgs boson with the properties predicted by the corresponding theory, we also expect existence of even more particles/interactions which LHC will be in a good position to find should they exist. One thing is for sure. LHC : the machine and the experiment, is going to be a watershed for the subject of fundamental particle physics. Particle Physics will never be the same, independent of what the experiments find. LHC is now the doorstep and the day of reckoning at hand. We expect the LHC to find the last missing piece of the standard model, the Higgs boson. We expect much more. We believe LHC will also point the way ahead (or even to a dead end?), help unravel the deepest secrets of nature and space time. Hence it is a watershed experiment.
To appreciate why this is so, it is important to understand the current state of play in the subject. On the one hand, the particle physics community has strong theoretical reasons that there is new physics at the TeV scale, while on the other, the experimental evidence for its 'need' is only in the form of tantalising 'indications' such as non-zero masses for the neutrinos, or the dark-matter in the Universe etc. It should be emphasized here, that the track record of particle physicists is pretty good so far in this context and theoretical developments based on demands of aesthetics alone have been fruitful at getting at the root of some of the very fundamental questions about laws of nature. But, admittedly, the time gap between theory and experiment has never been so big as it is at present. We are still awaiting the final experimental verification of a theoretical advancement made in 1964.
One direction in which progress can come is by increasing the available energy at which particle interactions are studied. There are solid reasons to believe that experiments at an energy of the order of a few Terra electron volts (TeV) would bring further progress. The HEP community expects the three TeV colliders (the pp Tevatron in USA, the pp collider LHC which has started its journey now and the International Linear electron-positron Collider (ILC) which is now under planning) to help us see the way ahead. Due to the higher energy of the LHC than the Tevatron, at present all the particle physicists look to the LHC to provide the final clinching evidence for the SM and give at least a glimpse of the physics beyond the SM (BSM), which all of them believe, must exist at around the TeV scale.
Cosmic Connections
Very interestingly the fundamental laws of particle interactions operating at the 'heart of the matter'
at ''femto' meter scales (or smaller) that the particle physicists have been studying, have implications for issues cosmological in nature, concerning the universe, as it was at the beginning and what it is now.
The formation of protons/neutrons in the early Universe (Nucleosynthesis), the observed abundances of various elements such as He, Li etc. in the Universe, can now be understood in terms of known physics of these interactions and experiments performed in terrestrial environment and laboratories.
However, it is clear now that there are some very basic features of our universe that seem to indicate existence of particles outside the list given in the Tables 1 and 2 What is even more interesting is that possible candidates which can throw light and/or provide solution to these issues, also exist very 'naturally' in almost all the ideas of BSM physics that particle physicists have putting forward forward for an entirely different reason, viz., to remove some of the theoretical shortcomings of the currently accepted description of the SM. But no one idea separates itself completely from the crowd. Experiments are the ultimate Jury which would choose between these different ideas. At the LHC, in addition to hunting for the Higgs boson, the last piece of the SM puzzle, it may be possible to create some of the particles which make up about 23% of the total matter in the universe, the dark matter that is 'invisible' to light; or probe the physics that makes the universe of today contain much more 'matter' than anti-matter. The LHC can probe this synergy between the world at the femtoscale and the physics of the entire universe and provide answers to some very basic question about nature of things! This should clearly show that the 'stakes' in these collider experiments are really high!!
Accelerators & particle colliders: journey unto LHC
To understand the unique role particle physicists expect the LHC to play, it is a good idea to briefly look into the history of particle accelerators These high energy particle accelerators are like microscopes which have allowed us to peer at the 'heart of matter'. High energy proton and electron beams produced using these accelerators have been used in two different modes: 1) The Fixed Target Machines where e, µ, ν and p, π beams are incident on a stationary target which consists of light or heavy nuclei. 2)
Colliders where beams of accelerated particles collide against each other. In the latter class only the e + , e − , p and antiproton beams can be made to collide in enough numbers to make the experiments meaningful.
In case of a fixed target machine, for a beam of energy E b incident on a target of mass M T , total energy available for new particle production is E cm = √ M T E b c, whereas in the collider environment, specialising to the case where both the beams have particles with same mass and energy, the energy available for particle production is 2E b . Recall that mass of a proton, a typical target, is ∼ 1GeV /c 2 .
Thus the collider mode is superior for new particle production than the fixed target mode, from the point of view of energetics, as beam energies approach ∼ GeV. For example, a particle called J/Ψ with mass 3.1GeV /c 2 , now understood to be a bound state of a charm-quark and an anti-charm quark, was produced for the first time in 1974 in an e + e − collider called SPEAR at SLAC with a beam energy of 2
GeV, whereas soon after, the same particle was created in a fixed target experiment at the Brookhaven National Laboratory which employed proton beams accelerated to 30 GeV. and where the last mentioned colliders will be built but feasibility studies for these two already go on.
Next colliders to come into play were the proton-proton (pp) and proton-antiproton (pp) machines.
The PS (proton synchrotron) built more than 50 years ago at CERN (and still working today) fed Interspersed with these pure leptonic and hadronic colliders, was a machine which collided electrons/positrons on proton. This ep collider HERA in Hamburg, Germany, provided invaluable information on the quark and gluon content of the proton, which as we will see below is required to predict what particles the LHC can produce and at what rate.
A list of some of these different leptonic and hadronic colliders, of relevance to the discussion here, is presented in the tables 1 and 2. Due to the differences in the nature of the hadronic and leptonic colliders, they have played very complementary roles in our quest for the fundamental constituents of matter and interactions among them. This is pattern that is repeated time and again. The pp or pp machine which is a higher energy, broad band machine makes discoveries, whereas the cleaner environment of e + e − colliders allows for precision studies. Thus the lepton and hadron colliders have been alternately taking the role of leading machine, driving the progress of particle physics. The precision measurements at LEP-I and LEP-II, having been complemented by the hadronic collider Tevatron, which discovered the last missing quark, the top quark, now time has come for a higher energy broad band machine.
The information on the main physics discoveries made at different colliders have been summarised
in Fig. 1 . This shows how the baton for discoveries has moved between different machines and how the energy frontier has moved. Missing from this figure is the fixed target experiment at SLAC, with electron beams of energy up to 50 GeV which made the discovery of light quarks (u,d) inside proton in 1968 and the fixed target machines which followed it at Fermilab and CERN, with µ, ν beams up to energy 800 GeV, which helped confirm the existence of the strange quark (s).
This shows that the colliders and the fixed target machines have functioned in tandem, revealing layers of substructure of matter and providing information which can be used to elucidate the mathematical description of interactions among the fundamental particles. With the LHC, experimental data using the higher energies reached by the LHC can push knowledge forward, challenging those who seek confirmation of established knowledge, and those who dare to dream beyond the paradigm.
Precision testing of the SM and pointers to the Higgs hunters
The most important part of the intellectual achievements in the area of particle physics over the past five-six decades, arrived at by using the information from these accelerators and colliders has been the understanding of the three fundamental interactions (shown in Table 2 of Box-I), in terms of exchange of the force carriers among the matter particles. Just like Quantum Mechanics is the correct mathematical framework to describe the phenomena that occur at short distance scales and/or high energies, the mathematical framework which can be used to describe and calculate processes involving creation and annihilation of particles is called Quantum Field Theory (QFT). In fact the description of all the three interactions, strong, electromagnetic and weak, in terms of QFT's with special properties, is the basis of the SM of particle physics. At present a complete mathematical description of allthe low energy and high energy-phenomena in the world of fundamental particles, is possible in this framework. 7 To get a feel for the level of precision i in the experimental measurements and that in the theoretical predictions, I present in Table 3 , details of some of the most crucial parameters of the unified theory of electromagnetic and weak interactions (EW theory), which I have taken from Refs. [6, 7] .
The level of precision of the EW theory predictions as well as the experimental measurements and the agreement between the two is quite impressive 8 . Table 3 : Precision testing of the SM However, it has to be said that in order that the theoretical computations leading to theory predictions in Table 3 can be performed, in addition to the particles listed in Tables 1,2 of Box-I, one more particle has to exist in the SM. The so called Higgs boson with spin 0, i.e.a particle with no spin degree of freedom. The SM has precise predictions for all the interactions of such a particle with all the other particles. Theoretical predictions for various EW observables do depend on the mass of the Higgs Boson, M H . The SM predictions shown in Table 3 are calculated using a particular value for M H . Hence, these precision measurements can in fact be used to derive and 'indirect experimental' upper bound on precision theoretical calculations in the framework of the SM, then led to a prediction of the top mass. The agreement of this predicted value of M t with the one directly determined at the Tevatron (Table 3) , proved the correctness of the SM to a high degree of accuracy. But these highly precise calculations are possible in the SM only if the particle spectrum of Tables 1 & 2, is This thus makes the case for the LHC. Of course this will need to be followed by a TeV energy e + e − collider, which is already being planned as the LHC is running 9 .
LHC design
If the SM is correct a light Higgs (ie. with mass comparable to that of the W/Z) must be found experimentally. There is strong evidence that the SM is a very good approximation to reality. Right 9 This too is quite common in HEP. LHC planning was started, when LEP was in construction and the size of the LEP tunnel was decided by keeping in mind that one would want to build a LHC someday in the same tunnel.
now LHC is the only collider which will be able to find a 'light' Higgs boson 10 . Even if the SM is not the entire story and hence the Higgs is not in the low-mass range predicted by the SM or is not present at all, the success of the EW theory in explaining the precision measurements indicate that a 'look-alike' of the Higgs boson must be present. The general theoretical bounds on M H mentioned earlier, encompass those that one computes for the 'look-alike's as well. Hence, observation of the Higgs, measurement of its mass or even the non observation in a given mass range, will shed light on the puzzle of the formulation of a unified theory of electromagnetic and weak interaction (EW theory) and the apparent mystery of the breaking of the corresponding symmetry at low energies [9] .
It was clear while planning the LHC that one has to design the machine such that it should be able to probe the issue in a completely model independent fashion. A very general theoretical upper limit on the Higgs mass is about 900 GeV. Even if the SM is not the complete reality, hence no light Higgs boson is found, it would still be possible to unravel the mystery of the EW symmetry breaking by studying effective WW scattering at a total energy of 1 TeV. The choice of energy and luminosity of the LHC was made by by demanding that LHC should be able to cover this eventuality.
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It can be understood somewhat simply as follows. The available knowledge of the quark/gluon Figure 3 : How LHC parameters were decided content of the proton, indicated that unlike the case of the earlier CERN and FNAL colliders, the physics potential of the machine would be independent of whether one has a pp machine or a pp machine. Hence a decision to make the, cheaper and the easier to build , pp machine was taken.
Thus the LHC collides proton on protons. As said earlier, the protons are made of quarks and gluons.
Hence the collisions at LHC, are effectively collisions among these quarks and gluons. They carry only 10 The Tevatron too can look for a 'light' Higgs but is not so effective in that mass range and it is also not clear how much longer it will run. 11 This choice could be made even before the results of the precision measurements at LEP were available to us, because of the general nature of the argument.
a fraction of the energy of the proton. 3 LHC agenda
LHC agenda:SM
Thus item number 1 on the LHC agenda is to find the Higgs boson and measure its properties, such as mass and the interaction. The way the LHC has been designed, at its planned energy and luminosity, it will be able to search for the Higgs boson over the entire mass range, allowed on very general principles, irrespective of whether the SM is the whole story or otherwise. Due to the very nature of the hadronic machine, LHC will be able to do the second job of measuring its properties only to a moderate accuracy of about 10 − 20%. A more accurate measurement has to wait for the next generation e + e − collider which will have less energy than the LHC, but the measurements will be much cleaner and more importantly the LHC would have indicated to us the Higgs mass and hence the optimal energy to run the machine. the big-bang which started off our Universe. Study of this transition will also offer a look into the strong interaction dynamics in a region that so far has not been accessible to our experiments and which also poses challenges to the theoretical computation techniques.
The next question to ask is, will it be enough for the particle physicists if a Higgs boson were to be discovered at the LHC with precisely these properties, in precisely this mass range? Will that conclusively complete our understanding of the fundamental interactions among fundamental constituents of all matter? In other words, what is the need for going beyond the standard model, the BSM physics, that I have been mentioning.
BSM physics
There are a variety of reasons which have prompted particle physicists to look for ideas beyond the Further, unification of all interactions into one master interaction is a dream which even Einstein had had. At first level, unification of weak and electromagnetic interaction in a single Electroweak interaction, has been observed. All the three interactions do not unify at a given scale if there are no more fundamental particles in addition to those in the SM, whereas such a unification is possible in BSM scenarios. This is one more 'indication' of BSM physics. It may be added at this point, that almost all the models which attempt to explain the observed pattern of fermion masses quite often use the framework where the interactions do unify at a high energy scale. Such theories also have mechanisms which can explain the observed matter-antimatter asymmetry in the universe or a candidate for dark matter, almost automatically.
It is worth observing that that both the experimental and theoretical limits on the Higgs boson mass can depend on the (non)existence of the BSM physics and its energy scale, if it should exist.
Hence observation of the Higgs and a measurement of its mass can tell us a lot about the energy scale and nature of BSM physics that might exist. This is like trying to decipher the nature of the animal being tracked from its footprints. A brief discussion of some of the theoretical options for the BSM physics that have been proposed is given in Box-II. 12 If one likes one can interpret the direct/indirect experimental indications for a 'small' higgs boson mass as a
'disagreement' with the SM. I reproduce below a list of objectives that have been set out in a road map of particle physics for the next decades by the world community.
• Are there undiscovered principles of nature: New symmetries, new physical laws?
• Are there extra dimensions of space?
• Do all the forces become one?
• Why are there so many kinds of particles?
• What is dark matter? How can we make it in the laboratory?
• What are neutrinos telling us?
• How did the universe come to be?
• What happened to the antimatter?
• How can we solve the mystery of dark energy?
Apart from the last point in this list, we expect the LHC to shed light on almost all the points. to use new methods for acceleration. They also decided to use a very innovative idea where the beams would circulate in two separate rings just above one another. For e + e − or pp, the same magnetic field automatically suffices to steer the two bunches in opposite directions. That is not the case when both colliding particles have the same charge as they do for the LHC. All this was not just technologically challenging, but also expensive. The decision was then taken by the CERN Council to build it in two stages. In the meanwhile plans for the SSC were abandoned. From 1995 onwards, countries which were not members of CERN, viz., Japan, USA, Canada, India and Russia, promised support to the LHC machine and decision was taken to do it in one go. While the Indian HEP community had participated in building detectors and doing experiments at the earlier fixed target and collider facilities, this was the first instance where India participated in the building of the machine itself.
Given the ring size and the energy to which particles needed to be accelerated, meant that one needed to have higher magnetic fields of about 8 Tesla. This in turn meant that the magnets had to be cooled down to 1.9
• K. Contrast this with the other superconducting collider Tevatron where this temperature is about 5.2
• K and the magnetic fields required about a factor two smaller. The magnetic fields required at the LHC are also higher than the one used at the old SPS, by about a factor 5. Not To increase the luminosity one would need to increase the number of bunches. After beginning with one bunch, they had gone up to 13 bunches with ∼ 10 10 ppb and 7 bunches for the ∼ 10 11 ppb. The goal is to reach 2808 bunches The possible time line of the expected physics results will in fact depend very much on the success of this tuning procedure. In the following I shall assume that in a few months at least a luminosity of few times 10 31 cm −2 sec −1 will be achieved.
Possible time line of Physics results
As mentioned already, an evaluation of how well the mammoth detectors can achieve their goals, One can see, from the figure that even at the high energy and luminosity, finding a Higgs with the lowest mass that is allowed for it by experimental constraints is not an easy job. For example, for a
Higgs with M H c 2 = 150 GeV, one expects only a handful of events where a Higgs boson is produced.
14 One can see that the cross-sections for different processes fall with varying factors as the collision energy is lowered. However, just a simple scaling by this factor is not enough to judge the change in sensitivity due to the present reduction in the energy and luminosity, as the background processes in general have a slower fall off with the reduction in energy than the signal process of interest.
So in the short run, ie. in the next two years, with the machine delivering at the most, a luminosity of 10 32 cm −2 sec −1 , one is not likely to see a signal for the SM Higgs boson, if it has mass in the range indicated by the current experimental constraints 15 There is a possibility of detecting the Higgs, 14 Further, when one multiplies it with the probability that it will give rise to an event that can be distinguished from the background the number falls to may be an event or less a day. 15 It is interesting that already with the luminosity of ∼ 50 nb −1 that has been delivered the LHC could already have produced one event of the type p + p → h + X → b +b + X, if its mass is around 120 GeV. Unfortunately, the background even for this 'low' luminosity, if its mass is around 160-165 GeV, but the Tevatron data has ruled out existence of a SM Higgs in this mass range at 95% c.l. However, due to limited statistics and the theoretical uncertainty in the prediction of cross-section, this limit has to be taken with some reservation [12] .
Luckily, the production cross-section for the different varieties of new particles that are expected in the different BSM scenarios, go down much more slowly with energy. For example, even with this lower luminosity and energy, the LHC has a chance to 'discover' Supersymmetry if the masses of the strongly interacting super-particles are less than 800 GeV, about twice the current limits from the Tevatron Collider. So clearly the possibilities for the BSM physics are quite tantalising even at the lower energy/lower luminosity LHC. Thus the search for the Dark Matter in the Universe at the LHC can already happen in these two years. One good news is that the detectors are working perfectly and are able to remeasure the SM processes well, to calibrate the SM backgrounds to the new physics searches using the experimental results themselves.
The studies for the Quark Gluon Plasma formation (and hence recreating the situations in the early Universe) should not be affected in a major way due to the energy reduction. Thus the heavy ion program and the LHC b program (to study the issue of CP violation and flavour physics at the LHC), also should not be affected in a big way due to the reduced LHC conditions.
Whether the Higgs field is an elementary particle as in the SM or a'look-like' which may not be elementary; whether there is only one or there are more of them : elementary or composite; one thing is for sure, the problem of reconciling a left handed world with massive matter particles, requires existence of a new phenomenon and the LHC has been designed to solve this enigma. However, we need to be patient, given the complexity of the problem, the rarity of the phenomena that we need to analyse to get the answers, along with the reduced energy and luminosity. Several years of data-taking and analysis will be needed to sort out the puzzle.
It is heartening that Indian experimental groups have been contributing to building the detectors and doing experiments with the pp as well as the heavy ion collisions. Further, the Indian theoretical physics community is also involved in a big way in LHC physics, be it the SM, BSM physics in pp collisions with the CMS/ATLAS detector, or the B-physics in LHC b or the physics of the QGP in the heavy ion mode.
After a shutdown that is planned at the end of 2011, the machine physicists will work on getting to the higher energy. Once that energy is reached, LHC should be able to full fill its promise of hunting is too huge in this channel and the ONLY promising channel for such a light Higgs, is when the h decays into γγ final state and such events will happen at a rate 1000 times smaller.
for the Higgs over the entire mass range allowed for it theoretically, which is indeed the 'Raison de tré' of this machine. So in short this complicated exercise is sure to keep the particle physics community busy for a decade or two and yield answers to some of the basic questions about the very fabric of space and time and the Universe we all live in, as the particle physicists travel in this 'terra incognita'.
In all probability it will throw up some unexpected results, which in fact will point the way ahead in this journey towards truth. Exciting times are ahead for sure ! BOX1: Some relevant facts about the Standard Model (SM) of particle physics.
In the past 50-60 years particle physicists have successfully arrived at a description of elementary constituents of matter the matter particles quarks and leptons, all with spin 1/2, summarised in Table 4 ,
etc.
+anti-quarks + anti-leptons interacting with each other via the three basic interactions shown in Table 5 quarks feel all the three interactions. The properties of all the particles, the constituent matter particles and the force carriers, have been measured to a high degree of accuracy and the periodic table for particle physics is almost complete. Hence, admittedly it is time to see if there is an underlying theory which explains the patterns in these properties such as their masses and electromagnetic charge etc.
that we observe. To answer such questions one has to go beyond the SM. Tables 4 and 5 do not contain one particle in the SM, viz. the Higgs boson, which is neither a fundamental constituent of matter nor a force carrier. It was introduced to understand a particular mystery of weak interactions. These seem to treat the left handed matter particles, quark and leptons whose direction of the spin is opposite to the direction of motion, differently, from those which are right handed i.e. those for which these two directions are parallel to each other. For a particle with a nonzero rest mass, a left handed state can be seen as a right handed state by simply going to a frame which is moving faster than the particle. Thus the weak interactions then will depend on the frame of reference. This would be in conflict with Einstein's theory of relativity. A theory with a
Higgs boson does not suffer from this problem. This boson is named after one of the scientists who originally proposed this, more than 45 years ago. It is thought to have no electric charge, and no spin.
As for its mass, unsuccessful searches at the LEP collider and the Tevatron collider, along with precise measurements of the weak interactions put M H c 2 to be in the range of 114 to ∼150 GeV, the result being strictly true within the SM.
BOX2: A very brief summary of the theoretical proposals for BSM physics.
A number of different ideas for BSM physics have been put forward through the decades. They can be roughly classified into three classes: 1)The first class of models tries to keep the Higgs mass small by introduction of an additional symmetry. One of the most elegant ways to do this is via Supersymmetry.
This is a symmetry between fermions(spin 1/2 particles) and bosons (integral spin particles). This implies that there exist supersymmetric partners of all the SM particles. In this case, there exist host
of new particles which we should see at the colliders, particularly at the LHC [1] and it also has a DM candidate particle, the neutralino. The mass and interactions expected for the neutralino in SUSY models, falls in the range required to explain its abundance in the Universe today. Another class of models, called Little Higgs Models, in fact tries to use the lessons learned from the SIB in the case of the SM, to keep the Higgs light. In this case also, there exist many additional fermions, gauge bosons in the theory at the TeV scale, their interaction patterns being different than in the case of SUSY.
2)The second class of models obviate the high energy scales which cause the theoretical predictions of corrections to Higgs mass to become large. These models are much more radical in that, in general they postulate behaviour of space and time which is completely different than what we understand and involve one or more extra dimensions of space, which are compactified. These extra dimensions may even have warped geometry. In this case, the Higgs remains light, it may or may not be a fundamental particle. Gravity is free to propagate in the extra dimensions. Gravity in principle is as strong as the Electroweak interaction, but appears weak in our world. TeV-scale experiments probe the 'strong gravity sector. Thus there is again new physics at a TeV scale. Some of these ideas also make conceptual contact with quantum theory of gravitation and sometimes even have statements to make about early universe cosmology. It is an exciting possibility, where the TeV energy colliders can probe structure of space time. Even more interesting, string theory has now begun to make some statements about such models. In this case, the Higgs remains light, it may or may not be a fundamental particle.
3)Then there are extremely daring ideas which try to do without any Higgs like particle; fundamental or composite.
It is fair to say that in general all the models in class 2 and 3 above have more trouble satisfying the constraints coming from the precision measurements than supersymmetry. On the other hand, not finding supersymmetric particles so far, has created another set of 'theoretical' problems for supersymmetric theories which I will not go into here.
